BACKGROUND: Diabetes mellitus, characterized by chronic hyperglycemia, is known to have a deleterious effect on erythrocyte structure and hemodynamic characteristics, which eventually contribute to diabetes-associated vascular complications. Protein kinase C alpha (PKCα) is a major regulator of many metabolic processes and structural changes in erythrocytes, and may play a significant role in the development of hyperglycemia-mediated cellular abnormalities. AIM: We hypothesized that acute hyperglycemic stress may affect erythrocyte structure and metabolic properties through its effect on PKCα membrane content and activity. RESULTS: Erythrocytes, from healthy individuals acutely exposed to a glucose enriched media, showed a significant decrease in the membranous fraction of PKCα and its phosphorylation (p = 0.005 and p = 0.0004, respectively). These alterations correlated with decreased affinity of PKCα to its membrane substrates (4.1R and GLUT1) and reduced RBC deformability (p = 0.017). Pre-activation of erythrocytes with PKC activator, PMA, minimized the effect of glucose on the membrane PKCα fraction and RBC deformability (p > 0.05). CONCLUSIONS: Acute glycemia-induced inhibition of PKCα membranous translocation and activation is associated with reduced erythrocyte membrane deformability.
Introduction
yperglycemia, one of the fundamental abnormalities in type 1 and type 2 diabetes, is associated with the development of microvascular and macrovascular complications [1] . Hyperglycemia-associated vascular complications result from several pathological processes including endothelial cell dysfunction [2] , abnormalities in smooth muscle properties, and changes in hemodynamic and functional features of red blood cells (RBCs, or erythrocytes) [3] . Chronic hyperglycemic stress has been proposed to lead to an increase in intra-erythrocytic levels of reactive oxygen species and carbonyl compounds [4] , accompanied by an increase in non-enzymatic protein glycosylation, and a possibly associated reduction in phosphorylation or cross-linkage of membrane proteins [5] [6] [7] [8] [9] . Also, elevations in intracellular calcium [10] , sorbitol, and diacylglycerol [11, 12] have been observed, all of which result in an imbalance of membrane lipids [13] , alteration in membrane fluidity [14] , and shortened RBC survival [15] .
Most of these processes have been correlated with reduced membrane deformability in erythrocytes of diabetic patients [3, 8, 16] . RBC deformability is maintained by cytoskeleton proteins [17] . Members of the protein kinase C (PKC) family play a key role in the regulation of membrane stability and deformability [18] [19] [20] [21] , via activation of the membrane skeleton components [20, 22] , or via phosphorylation of numerous membrane transport components [23] [24] [25] [26] , which may, in turn, influence the interactions of the cytoskeletal proteins.
Hyperglycemia and diabetes are associated with chronic alterations of PKC activity and/or level in most body tissues, a change implicated in the pathogenesis of diabetic microvascular complications, including nephropathy and neuropathy [27] . There are no reports to date documenting changes in the PKC membranous fraction or in PKC activation in RBCs from diabetic patients, in contrast to PKC changes observed in other tissues of diabetic patients. We hypothesized that PKC does play a role in human RBCs, mediating the effect of prolonged or short-term hyperglycemia to changes in RBC deformability. Therefore, in this study we examined whether RBCs from healthy individuals acutely exposed to elevated glucose levels influenced the activation and membrane content of PKC. Also, we studied simultaneous changes in cellular, metabolic and structural properties, which have been reported to be interrelated and influenced by PKC regulation.
Materials and methods

Materials
Rabbit polyclonal antibodies to cPKCα (C-20), GAPDH, and HRP-conjugated secondary antibodies were bought from Santa Cruz Biotechnology (Heidelberg, Germany). Rabbit monoclonal antibodies to T638-phosphorylated PKCα (E195), mouse monoclonal antibodies to 4.1R, and human glucose transporter 1 (SPM498) were obtained from Zotal Biologicals and Instrumentations (Tel-Aviv, Israel). All other chemicals and reagents were obtained from Sigma-Aldrich (Rehovot, Israel), unless otherwise indicated.
Cell preparation
Twenty-four healthy, non-diabetic volunteers were recruited from the local community. After obtaining informed consent, the volunteers underwent a thorough evaluation, including medical history, physical examination, and laboratory analyses (serum electrolytes, liver function tests, and a complete blood count). 50 ml of venous blood was collected in heparinized tubes. Leukocytes were removed by centrifugation at 1,000g for 5 min at 25ºC, and the erythrocytes were then washed three times with PBS buffer (137 mM NaCl, 8.9 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 2.7 mM KCl, and 2 mM CaCl 2 in double deionized H 2 O, pH 7.4). The washed cells were kept in PBS buffer at ~80% hematocrit on ice before treatment.
The erythrocytes were further exposed to physiologically high 20 mM D-glucose for 5 minutes at 37°C (denoted as 'D-glucose 20'). As a physiological control, corresponding studies with 5 mM D-glucose ('D-glucose 5') were performed. To maintain the same medium osmolarity, we supplemented the 5 mM D-glucose medium with an appropriate (15 mM) concentration of a D-glucose inactive enantiomer -L-glucose [34] . We performed corresponding studies in media in which D-glucose was completely substituted by L-glucose ('Dglucose 0') as a negative control and to mimic hypoglycemic conditions. Erythrocyte membranes were isolated in accordance with the experimental procedure, described previously [28] . Briefly, the cells were washed twice in PBS buffer, and then incubated in 30 volumes of ice-cold hypotonic lysis medium (10 mM Tris-HCl and 2 mM EGTA, pH 7.4) for 30 min. The membranous and cytosolic fractions were separated by 27,000g centrifugation for 10 min at 4°C. Membranes were then washed, lysed, and har-
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For immunoblotting (IB) analysis, samples were separated by SDS/PAGE using a 10% acrylamide gel, and subsequently transferred electrophoretically to PVDF membranes (Millipore, Bedford, MA, USA). Transferred membranes were incubated with 5% skimmed milk in TBST (1% 2M Tris-HCl, pH 8.0, 0.3% 5M NaCl, and 0.5% Tween 20 in double deionized H 2 O) for 1 hr to block nonspecific binding sites. The blots were then incubated with a primary antibody (1:1,000 dilution) in TBST supplemented with 5% BSA for 1 hr at 25ºC. The PVDF membranes were then washed with TBST, and incubated for 1 hr with a secondary antibody (1:10,000 dilution). The blot was washed several times with TBST, incubated with a chemiluminescent substrate (Biological Industries, Beit Ha-Emek, Israel), and exposed to Fuji-ray film to visualize the antibody reactive bands.
Drug treatment
Activation of cellular PKCα was performed with phorbol ester [31] . Erythrocytes were incubated in PBS buffer supplemented with 25 µM phorbol 12myristate 13-acetate (PMA) at 37°C for 10 minutes. To determine the optimal conditions for PKC activation we conducted a series of dose-and timedependent PMA activation experiments in human erythrocytes (data not shown). PMA was prepared in accordance with the manufacturer's protocol.
Measurement of intracellular ATP concentrations
The intracellular ATP concentration in human erythrocytes was quantified by a luciferinluciferase assay kit (Sigma-Aldrich, Rehovot, Israel), according to the manufacturer's protocol. Briefly, following specific treatments with PMA and/or glucose, erythrocytes were centrifuged, and 50 µl of pellets (hematocrit 80%) were lysed by somatic cell ATP-releasing reagent. The ATP concentration of the aliquots was determined by luciferin/luciferase reaction using a luminometer (Berthold Technologies, Germany). A standard curve was generated from the relative light intensity peaks for serial dilutions (luminescence vs. ATP), as recommended by the manufacturer's protocol. Luminescence values of the measured samples were converted into concentrations of ATP, accordingly.
Measurement of intracellular Ca 2+
To monitor the change in cytosolic calcium following exposure to physiological levels of calcium in the presence of PMA and/or glucose, erythrocytes were washed in a 10 mM D-glucose/PBS solution and loaded with Fluo-3/AM 2 µM. Fluo-3/AM was added again to achieve a final concentration of 4 µM which was maintained for additional 25 min under gentle shaking. Then, erythro- cytes were incubated at 37°C for 15 min under rapid shaking. The loaded erythrocytes were washed in PBS solution, supplemented with 10 mM D-glucose and 0.5% BSA, and treated according to the experimental protocol (i.e., treatments with PMA and/or glucose). Finally, Ca 2+ -dependent fluorescence intensity was measured in the fluorescence channel FL-1, with an excitation wavelength of 488 nm and an emission wavelength of 530 nm. Exposure time was restricted to 4 hours (to prevent loss of fluorescent dye).
Immunoprecipitation studies
Immunoprecipitation (IP) studies were performed using protein A-Sepharose beads (Santa Cruz Biotechnology, Heidelberg, Germany), and either mouse monoclonal antibody to glucose transporter 1 or mouse monoclonal antibody to 4.1R. Specifically, the antibody (0.2 mg/ml concentration) was attached to the beads by 30 minutes incubation in IP buffer (30 mM Tris-HCl, pH 7.5, 0.2 mM EDTA, 0.5 mM DTT, 0.2% Triton X-100, 150 mM NaCl) at 4ºC. Further, 1 ml cell lysate was added to 20 µl beads with the pre-attached antibodies, and the sample was incubated, with continuous shaking, for 2 hours at 4ºC. Beads were washed with the IP buffer, and the bead-attached proteins were subjected to SDS-PAGE and Western blotting.
Determination of RBC deformability
Determination of RBC deformability was performed according to a previously published protocol [33] , with minimal modifications. Briefly, 50 µl RBC (1% hematocrit), under experimental conditions (i.e, exposed to PBS with D-glucose and/or Lglucose), were inserted into the flow chamber (adjusted to 200-mm gap). After 5 minutes of treatment, flow of the buffer was applied, and the deformation of adherent RBCs was monitored at shear stress (30 dyne/cm 2 ). During the measurements, 15 to 20 randomly chosen fields (0.1 mm 2 each) were collected. Image analysis of the cell shape provided the elongation ratio (ER) of individual cells, and their distribution in the RBC population (ranging from 2500 to 3500 cells in each sampling). For all cells, we estimated the major (a) and minor (b) axes, and ER was calculated by the formula ER = a/b. ER = 1 reflected round RBCs that were not deformed by the shear stress applied in this study (30 dyne/cm 2 ). ER = 3 reflected extra-deformable erythrocytes with an elongated form.
Statistical analysis
Quantitative data were described as mean ± standard error (SE), and statistical analysis was performed using unpaired Student's t-test. Differences were considered as significant at a p-value of less than 0.05.
Results
Twenty-four healthy volunteers were recruited for the study. Their clinical and laboratory data are shown in Table 1 .
Cytosolic and membranous fractions of PKCα were measured (Figure 1) . Overall, 42% of the to- tal cellular PKCα was found in the erythrocyte's membrane. Previous studies have shown that after translocation to the membrane, PKC is activated by a sequential series of structural rearrangements and phosphorylations [29] . Therefore, it was reasonable to assume that most of the activated PKCα (66%) was found in the membranous fraction, as evidenced by a phosphorylated threonine residue at position 638 [30] . The erythrocytes were exposed to high (20 mM), physiological (5 mM), and low (0 mM) glucose concentrations, as described. The membranous frac-tion of total and phosphorylated PKCα was measured.
A decrease in the membranous fraction of total PKCα and Thr 638 -phosphorylated PKCα upon exposure to high glucose (20 mM) was observed ( Figure  2 ). This decrease was insignificant when compared with 'D-glucose 5' (p > 0.05), but significant when compared with 'D-glucose 0' (83%, p = 0.005, for total PKCα, and 65%, p = 0.0004, for phosphorylated PKCα fractions). PMA pre-exposure of RBCs, 'PMA+D-glucose 0' compared with 'D-glucose 0', showed a robust increase in the membranous frac- tion of the total PKC (149%, p = 0.014) and of the phosphorylated PKCα (173%, p = 0.014). This increase was observed at all glucose concentrations:
1. 153% (p = 0.039), 236% (p = 0.05) 'PMA+Dglucose 5' vs. 'D-glucose 5' 2. 173% (p = 3e-5), 208% (p = 0.0007) 'PMA+D-glucose 20' vs. 'D-glucose 20', for total and phosphorylated PKC, accordingly
Pre-exposure of erythrocytes to PMA led to a significant increase in both total and phosphorylated PKC membranous fractions, which completely prevailed over the effect of D-glucose, and caused the differences between the glucose concentrations to become insignificant (p > 0.05).
In parallel, we found an acute effect of glucose on ATP levels in erythrocytes (Figure 3) . A small, but significant 11% increase in cellular ATP was observed upon 20 mM, compared with 5 mM, Dglucose exposure (p = 0.02). PMA pre-activation led to an increase in cellular ATP levels in the absence (18% 'PMA+D-glucose 0' vs. 'D-glucose 0'; p = 0.002) or in the presence of 5 mM D-glucose (18% 'PMA+D-glucose 5' vs. 'D-glucose 5'; p = 0.036). In PMA-pretreated cells, 20 mM D-glucose exposure resulted in reductions of 16% (p = 0.01) and 14% (p = 0.02) in cellular ATP levels compared with the 5 mM D-glucose or 0 mM D-glucose concentrations, respectively.
Acute glucose exposure and/or PKC activation had no effect (p > 0.05) on intracellular Ca levels, mean cellular volume (MCV), or mean cellular hemoglobin concentration (a measure related to the intracellular viscosity [3, 36] ), in 0, 5, or 20 mM D-glucose-exposed RBCs, with or without PMA-induced PKC activation (data not shown).
It is believed that the observed glucosemediated reduction in the membrane fraction of PKCα may affect the interaction of kinase to its membrane substrates. We examined this hypothesis by co-immunoprecipitation of PKC with glucose transporter 1 (GLUT1), which is one of the most abundant membrane proteins [37] and the major glucose-responsive target in erythrocytes [34] . Also, we studied the affinity of PKC to 4.1R, a PKC-regulated component of the membrane skeleton [17, 20] . 20 mM glucose exposure significantly decreased the PKCα fraction bound to GLUT1 or 4.1R in comparison with the respective 'D-glucose 0' or 'D-glucose 5' studies ( Figure 4 ). When PKCα was pre-activated with PMA, this glucose effect was mostly neutralized. To summarize these findings, the observed D-glucose-related changes in PKCα binding to its membrane substrates are RBC lysates were exposed to protein A-Sepharose coupled to anti-GLUT1 or anti-4.1R. Immunoprecipitates were analyzed by SDS-PAGE followed by Western blot, as described under "Materials and methods". A representative result is presented in the figure. Similar results were obtained in two additional experiments. Data of 4.1R, GLUT1, and light chain of correspondent antibodies were used as controls to verify equivalent amounts of protein throughout the lanes. In the control 'no lysate' study, protein A-Sepharose coupled to an appropriate antibody was exposed to a RBC-free sample. Molecular mass markers are indicated in kDa.
mostly associated with the demonstrated reduction in the membrane fraction of PKCα. It is also assumed that the glucose-mediated reduction in the membrane fraction of PKCα, and the correlative decline in PKC-4.1R link, may influence the mechanical properties of the erythrocytes. To test this hypothesis, we measured the possible effect of D-glucose on the erythrocyte deformability in the context of PKCα activation (Figure 5 ). Figure 5 shows the results of the median elongation ratio (ER) of the erythrocytes examined ( Figure 5A ), the percentages of undeformable (ER ≤ 1.1) erythrocytes ( Figure 5B ), and the RBC sub-populations arranged in accordance with ER ascension (0.5 ER step; Figures 5C-F), exposed to Dglucose and/or following PMA pre-activation.
Elevation in D-glucose led to a small, but significant decrease in median RBC deformability (1.546 ± 0.02, p = 0.017, for 'D-glucose 5', and 1.552 ± 0.01, p = 0.05, for 'D-glucose 20' compared with 1.594 ± 0.02 'D-glucose 0' median ER). This is possibly a result of a pronounced elevation in the low deformability (1.1-1.5 ER) RBC portion (41.7 ± 1.2%, p = 0.05, for 'D-glucose 5', and 41.8 ± 2.3%, p = 0.024, for 'D-glucose 20' compared with 36.5 ± 2.6% 'D-glucose 0', respectively), and a drop in the relative fraction of erythrocytes with increased deformability (9.6 ± 0.6%, p = 0.04, for 'D-glucose 5', and 9.1 ± 0.7%, p = 0.006, for 'D-glucose 20' compared with 12 ± 1.2% 'D-glucose 0', respectively). These effects of glucose were minimized by pretreatment with PMA. Changes in the median ER values and RBC fractions between erythrocytes exposed to 0, 5, or 20 mM D-glucose were all insignificant (p > 0.05).
Discussion
The main finding of the study is that acute exposure of erythrocytes from healthy individuals to a glucose-enriched medium decreases the membranous distribution and activation of PKCα, PKCα's affinity to its membrane substrates, and RBC deformability. It has been reported that erythrocyte deformability is directly dependent on the phosphorylation state of its membrane skeleton proteins (such as β-spectrin, 4.1R, adducin, and dematin). Several of these proteins are phosphorylated by PKC [18] [19] [20] [21] [22] . Therefore, the perceived decrease in membranous PKC probably affects the biological organization of the cytoskeleton. Two independent processes contribute to the decrease in phosphorylated PKC levels:
A decrease in PKC translocation 2. A reduction in PKCα binding to its membrane substrates
Both processes were observed under acute hyperglycemia, and may thus be the main reasons for the observed alterations in the fraction of phosphorylated PKC and cellular deformability.
The alterations in PKC translocation can be hypothetically coupled with a cellular fluctuation of its native activators (i.e., Ca 2+ , diacylglycerol, or phosphatidylserine (PS) [21, 29, 38, 39] ) and with possible disturbances in PKC affinity to its membrane substrates. Glucose exposure significantly reduced the affinity of PKC to GLUT1, one of the most plentiful PKC membrane substrates [24, 40] , and to 4.1R, a PKC-regulated component of the membrane skeleton [17, 20] . This data allows us to assume a significant effect of acute hyperglycemia on PKC binding to the membrane skeleton proteins. However, the direct effect of glucose on protein structure and activity is not so acute. It is thus possible that the observed phenomenon is caused by glucose-mediated changes in cellular metabolic mechanisms. Therefore, the observed decrease in the membranous PKCα should have been examined in association with cellular fluctua-tion of native PKC activators. This hypothesis was mostly supported by a complete neutralization of the glucose effect on membranous PKC and RBC deformability in erythrocytes pre-exposed to PMA (highly efficient diacylglycerol analog). Moreover, no significant glucose-mediated changes in intracellular Ca 2+ were found.
In addition, it is not expectable to find changes in intracellular diacylglycerol levels, secondary to acute changes in glucose levels [12] . Possibly, the phenomenon of a glucose-mediated decrease in membranous PKCα is linked to an ATP-dependent instability of PS in the inner part of RBC membrane bilayers [41] [42] [43] . This hypothesis implies how glucose-mediated ATP fluctuations may be involved in the correlative decrease of membranous PKC and the decrease in RBC deformability. In the near future, a major subject for research will be the study of PS redistribution in the membrane upon acute glucose exposure, and the role of PS in acute alterations of the RBC deformability.
Another key finding of this study was the fact that very short glucose exposure (5 min) may alter RBC deformability. This finding correlates with recent reports that explain how glucose exposure for hours significantly affects protein modification and inhibits RBC deformation. Riquelme et al. reported that high glucose concentrations caused significant reductions in the viscoelastic properties of the erythrocyte membrane when the erythrocytes were incubated for 2 hours [44] . Shin et al. found similar associations, with both deformability and erythrocyte aggregation decreasing in a doseand time-dependent manner [45] . Resmi et al. demonstrated a correlation between glucose, protein oxidation, and cellular deformability with increasing incubation time (24-48 hours) [46] . Nevertheless, no correlative data of highly acute (5 min) glucose exposure and membrane deformable properties have been reported previously.
Clinically, the observed noxious effect of a minute's glycemic surge on the RBC deformability is crucial because it may render the erythrocyte more susceptible to thrombotic phenomena. This in turn may add a possible explanation to the observed increase in morbidity and mortality associated with abnormal postprandial glucose levels [47, 48] . The proposed link between altered cellular deformability and PKC abnormalities defines PKCα as the key factor involved in these complications. Moreover, our findings may offer a possible mechanistic explanation to findings linking acute hyperglycemia in non-diabetic patients to significantly higher levels of in-hospital mortality when compared to previously diagnosed diabetic, hyper-glycemic patients [49] . In spite of an absence of specific reports on diabetic RBC, we propose that most PKC-dependent processes in diabetic erythrocytes become distorted and less sensitive due to constituent PKCα dysfunction caused by the chronic hyperglycemic milieu. This could be a logical explanation for the acute glycemic surge and its more harmful effects on PKCα activation, and for the resultant rheological dysfunction in nondiabetic patients. We plan to perform studies on the deformable alterations upon acute hyperglycemia in diabetic RBC in the near future. We believe that pharmacologically targeting this process may offer a new avenue for treatment and research, aiming to protect both diabetic and nondiabetic patients from the hazardous effects of acute glycemic surges.
In this study, we limited our attention to the role of PKCα in the examined processes, the involvement of other PKC isoforms expressed in erythrocytes were not studied. In human erythrocytes, four additional PKC isoforms are expressed, PKC β, µ, ζ, and ι [20, 50] . We chose PKCα as the study target because of its sensitivity to all known native PKC activators. Moreover, PKCα is expressed in all blood cells [50] [51] [52] [53] . Therefore, the study of PKCα in an accessible and convenient cell model such as the erythrocyte offers important information about PKC-mediated processes in other blood cells. We plan to examine the role of the other PKC isoforms in the observed cellular processes in further studies.
